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“Discovery” of  Standard Model

through synergy of

hadron - hadron colliders

lepton - hadron colliders

lepton - lepton colliders

Past few decades



knowledge obtained
only through combination 
of results from different 
accelerator types

in particular:
Lepton and Hadron Collider

Time evolution of
experimental limits on 
the Higgs boson mass 

Synergy of colliders:

MH between 114 and ~200 GeV

LEP,SLD,
Tevatron…

indirect

direct

∆Μtop



Status Summer Conferences 2007

Without this point,
the fit is too good!



However.........

BΩ

CDMΩ
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DEΩ
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THE ENERGY DENSITY BUDGET

BARYONS

COLD DARK MATTER

NEUTRINOS

DARK ENERGY

� at the Terascale:   entering the ’Dark World’



e+e-

e-proton

proton-proton

today1970 1980 1990 2000 2010 2020 2030

LHC

ILC

TEVATRON

HERA

LEP,SLC

PEP-II, KEKB

VEPP, CLEO-c, BEPC

DAΦNE

FNAL, CERN, J-PARC

Energy Frontier Colliders:

Flavor Specific Accelerators:

e+e- (b factory)

e+e- (c factory)

e+e- (s factory)

ν

CLIC

µ Collider

LHCb
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“optimistic scenario”

(from F.Zimmermann, EPS05)

future

“Standard Model era” “Dark World era”





protons

protons A
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High Energy Colliders:

The Large Hadron Collider LHC

√s = 14 TeV



Ken Peach Conference Summary EPS HEP 2007 25 July 2007 11

High Energy Colliders:  ILC (E cm up to ~ 1TeV)

Delahaye

RDR published 2007

Global Design Effort (G
DE) in place

Technically driven schedule:

Engineering Design Report by 2009/10



High Energy Colliders: CLIC  (Ecm up to ~ 3TeV)

– “Compact” collider – total length < 50 
km at 3 TeV

– Normal conducting acceleration 
structures at high frequency

• Novel Two-Beam Acceleration Scheme
– Cost effective, reliable, efficient
– Simple tunnel, no active elements
– Modular, easy energy upgrade in 

stages

CLIC TUNNEL 
CROSS-SECTION

4.5 m diameter

QUAD

QUAD

POWER EXTRACTION
STRUCTURE

BPM

ACCELERATING
STRUCTURES

Drive beam - 95 A, 300 ns
from 2.4 GeV to 240 MeV

Main beam – 1 A, 200 ns 
from 9 GeV to 1.5 TeV

12 GHz – 140 MW

• High acceleration gradient: ~ 100 MV/m

Demonstrate all key feasibility issues and document in a 

Conceptual Design Report by 2010  and possibly 

Technical Design Report by 2015



Aim: develop technology to extend e-/e+ linear colli ders
into the Multi-TeV energy range:

http://clic-study.web.cern.ch/CLIC-Study/
� ECM energy range from ILC to LHC
maximum reach and beyond =>ECM = 0.5- 3 TeV
� L > few 1034 cm -2 with acceptable background and energy spread         

⇒⇒⇒⇒ ECM and L to be reviewed when LHC physics results avail.

� Affordable cost and power consumption

Physics motivation: 
http://clicphysics.web.cern.ch/CLICphysics /

"Physics at the CLIC Multi-TeV Linear Collider:
by the CLIC Physics Working Group:CERN 2004-5

Present goal:
Demonstrate all key feasibility issues and document  in a Conceptual 

Design Report by 2010  and possibly Technical Desig n Report by 2015

THE COMPACT LINEAR COLLIDER (CLIC) STUDY



Synergy: Energy Frontier AcceleratorsSynergy: Energy Frontier Accelerators

Tevatron
HERA

LHC
(sLHC)

ILC
(CLIC)

W
or

ks
ho

ps

workshops

PDFs, αs(MZ),
Higher Order QCD

Diffraction, …

W
orkshops

To be ready for the next accelerators
a lot of activities around the world!



Precision Physics: 
requires precise detectors

and precise calculations



Precision ObservationsPrecision Observations

Comparison of electroweak precision observables with theory

Test of theory at quantum level: sensitivity to loop corrections

Accurate measurements and theoretical predictions needed:
Which model fits better?

Does the prediction of a model contradict the experimental data?

EW Precision data:
MW, sin2θeff, αµ, …

Theory:
SM, MSSM, ….

X



Precision ElectroweakPrecision Electroweak
MeasurementsMeasurements



W and Z Physics at W and Z Physics at TevatronTevatron

W mass
W width (world average: 60 → 47 MeV)
Z Boson invisible width ~10% meas.
Tri-linear gauge bosons

Best limits to date on WWZ coupling
W Charge asymmetry
Z rapidity
….





expectation in
„Physics at LEP (1986)“

W-Physics at LEP

Verification of triple gauge vertices
from e+e- � W+W- cross section



LCWS 2000



MW at LEP
ex: OPAL

MW (LEP combined)   80.376 ± 0.033 GeV (prel.)



Phys.Lett.B533,75 (2002) 



MW 80.398 ± 0.025 GeV



WW,ZZ final states not yet observed
at the Tevatron
(first WZ events observed early 2007)

ZZ final states at LEP (ex. OPAL)
Comparison to YFSZZ
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W/Z Physics at the LHC
� Very clean selection of W and Z boson possible

e.g. CMS study of W→ eν and Z → ee

� Recall rates (initial phase 1033/cm2/s):
≈ 200 W/s   → ≈ 20 W→ eν /s
≈ 50  Z/s   → ≈ 1.5 Z → ee /s

plus the same rates for muon decays!

� W and Z events will provide an
excellent tool for detector
calibration



W Mass at the LHC

Compare to 
2007:   mW = 80 398 ±±±± 25 MeV LEP & Tevatron Run I/II
2009:   mW ≈≈≈≈ 80  ...   ±±±± 20 MeV     (2.5 ·10-4)    expected after Tevatron Run II

� Combine both channels & both experiments

⇒⇒⇒⇒ ∆∆∆∆mW ≤≤≤≤ 15 MeV  (LHC)

A
t la

s

ATLAS study:



Di-Boson Production at the LHC
� Very interesting: WW,ZZ final states not yet observed at the Tevatron

first WZ events observed early 2007
� Test triple gauge boson couplings (TGC)

� γWW and ZWW precisely fixed in SM
� γZZ and ZZZ do not exist in SM! 

ZZ → e+e− e+e−
WZ → 3 leptons

1 fb-1 sufficient to 
observe both processes

SM New physics
� deviations from SM are amplified with E
� also Wγ and Zγ final  states can be used



comb. 
bkgd.

di-leptonic

± 1.2 GeV

fully hadronic

± 2 GeV

semi-leptonic

± 1.2 GeV

t→ J/Ψ + l + X

± 1.5 GeV

→ total top mass error  ≤ 1 GeV possible  with O(10 fb-1)  of well understood data

Top Mass at the LHC
Recent detailed studies by CMS:
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Testing the Standard Model

Heinemann

… and failing to find discrepancies



contributions since 1974 to the success of the Standard Model:



Precision QCDPrecision QCD
MeasurementsMeasurements



New from HERANew from HERA

αS

F2
bb

F2
cc



QCDQCD

O Behnke

αS

0.1189
± 0.0010



QCD

A
t la

s

Measurement of ααααs at LHC limited by

� PDF (3%)
� Renormalisation & factorisation scale (7%)
� Parametrisaton (A,B)

( ) ( ) ( ) ( )TR
3

STR
2

S
T

EBµαEAµα~
dE

dσ +

Verification of running of ααααs and 
test of QCD at the smallest distance scale

� ααααs = 0.118 at mZ

� ααααs ≈≈≈≈ 0.082 at 4 TeV (QCD expectation)

� 10% accuracyααααs(mZ) from incl. jets
� Improvement from 3-jet to 2-jet rate? 



Proton Structure MeasurementsProton Structure Measurements

Talk by Claire Gwenlan
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QCD Monte Carlo Calculations
• Increasingly sophisticated algorithms
• Several different approaches

– Many cross-checks

Nason
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QCD (Monte Carlo) Calculations

Nason
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QCD

Nason



Entering the Entering the 
Dark WorldDark World



Dark Matter

Astronomers & astrophysicists over the next two decades using 
powerful new telescopes will tell us how dark matter has shaped 

the stars and galaxies we see in the night sky.

Only particle accelerators can produce dark matter in the 
laboratory and understand exactly what it is.

Composed of a single kind of particle 
or

as rich and varied as the visible  world?

LHC and LC may be perfect machines to study dark matter.



Supersymmetry

● unifies matter with forces 
for each particle a 
supersymmetric partner  
(sparticle) of opposite 
statistics is introduced

● allows to unify strong 
and electroweak forces
sin2θW

SUSY= 0.2335(17)
sin2θW

exp    = 0.2315(2)

● provides link to string theories

● provides Dark Matter candidate



Mass spectra depend on choice 
of models and parameters...

Supersymmetry

well measureable at LHC 

precise spectroscopy
at ILC / CLIC



from F. Gianotti (LP05)

LHC



LHC

2009/10 (?)



Bourjaily,Kane, hep-ph/0501262

LSP responsible for relic density ΩCDM ?

� need to measure many parameters, in particular coupling to matter 



Supersymmetry Production and decay of
supersymmetric particles
at e+e- colliders

charginos s-muons

Lightest supersymmetric particle stable in most models

candidate for dark matter

Experimental signature: missing energy

ILC



Measurement of sparticle properties
masses, couplings, quantum numbers,…

ex:       Sleptons

lepton energy spectrum in
continuum

ex:       Charginos
threshold scan

achievable  accuracy:
δm/m ~ 10-3

ILC



Sparticles may not be very light

Lightest visible sparticle→

←
S

econd lightest visible sparticle

JE + Olive + Santoso + Spanos

BUT



LSP light in most cases

Lightest visible sparticle→

←
S

econd lightest visible sparticle

Aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Aaaaaaaaaaaaaaaa
Lightest invisible sparticle→

Li
gh
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st
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le
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le→

Kalinowski

Aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Aaaaaaaaaaaaaaaa
Lightest invisible sparticle→

Li
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 s
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le→

Kalinowski

1000

1000

e+e- �χ1χ2

BUT
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Squarks and gluinos

Heinemann
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SPS1a’ scenario

LHC and ILC

MSSM parameters from global fit

� only possible with information from BOTH colliders



Heinemeyer et al, hep-ph/0306181

mSUGRA

� constrain allowed parameter space

Precision electroweak tests

δM(top) = 2 GeV

δM(top) = 0.1 GeV



constrain mass and 
interaction strength

Comparison with expectations from direct searches



Dark Matter and SUSY

• Is dark matter linked to the Lightest Supersymmetric Particle?

ILC and satellite data 
(WMAP and Planck):

complementary views 
of dark matter.  

ILC: identify DM 
particle, measures its 
mass; 

WMAP/Planck:
sensitive to total 
density of dark 
matter.  

Together they 
establish the nature 
of dark matter.

Neutralinos is 
not the full story



LHC and LC results should allow, 
together with dedicated dark matter searches,
first discoveries in the dark world• around 73% of the Universe is in some 
mysterious  “dark energy”.  It is evenly 
spread, as if it were an intrinsic property 
of space.  It exerts negative pressure.

Challenge: 
get first hints about the world of 
dark energy in the laboratory



The Higgs is Different!

All the matter particles are spin-1/2 fermions.
All the force carriers are spin-1 bosons.

Higgs particles are spin-0 bosons.
The Higgs is neither matter nor force;

The Higgs is just different.
This would be the first fundamental scalar ever discovered.

The Higgs field is thought to fill the entire universe.
Could give some handle of dark energy(scalar field)?

Many modern theories predict other scalar particles like the Higgs.
Why, after all, should the Higgs be the only one of its kind?

LHC and LC can search for new scalars with precision.
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The SM bottom line

Wyatt
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A hint of a MSSM Higgs?

After Heinemann

CDF



SM Higgs Searches at SM Higgs Searches at TevatronTevatron

Summer 2006
New in 2007 (to be combined)

Combined during LP07



SM Higgs Searches at SM Higgs Searches at TevatronTevatron

Tevatron Observed

Tevatron Expected

NewNew



LHC

from F. Gianotti (LP05)



Buchm üller

LHC



LC can observe Higgs no matter how it decays!

100             120             140             160
Recoil Mass (GeV)

MHiggs = 120 GeV

N
um

be
r 

of
 E

ve
nt

s 
/ 1

.5
 G

eV

Only possible at the LC

ILC simulation for e+e- → Z + Higgs
with Z → 2 b’s, and Higgs → invisible



Precision Higgs physics

Determination of
absolute coupling
values with
high precision



gHHH

Precision Higgs physics

Reconstruction of the Higgs potential

∆λ/λ ~ 10-20 %
for 1 ab-1

Only possible at LC



LHC and (I)LC results will allow  
to study the Higgs mechanism in detail and 
to reveal the character of the Higgs boson

This would be the first investigation 
of a scalar field

This could be the very first step to 
understanding dark energy



DARK MATTER

DARK ENERGY

LHC and LC together will allow 
first discoveries in the dark world

from Global Science Forum 



Past decades saw precision studies of 5 % of 
our Universe � Discovery of the Standard Model

The LHC will soon deliver data

Preparations for the ILC as a global project are 
under way

We are just at the beginning of exploring 
95 % of the Universe



Past decades saw precision studies of 5 % of 
our Universe � Discovery of the Standard Model

The LHC will soon deliver data

Preparations for the ILC as a global project are 
under way

We are just at the beginning of exploring 
95 % of the Universe

the future is bright in the dark world



and will hopefully have some relaxing moments in the mountains


